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Semiconductor nanolasers are potentially important for many applications. Their design and fabrication
are still in the early stage of research and face many challenges. In this paper, we demonstrate a
generally applicable membrane transfer method to release and transfer a strain-balanced InGaAs
quantum-well nanomembrane of 260 nm in thickness onto various substrates with a high yield. As an
initial device demonstration, nano-ring lasers of 1.5lm in outer diameter and 500 nm in radial thickness
are fabricated on MgF2 substrates. Room temperature single mode operation is achieved under optical
pumping with a cavity volume of only 0.43k0
3 (k0 in vacuum). Our nano-membrane based approach
represents an advantageous alternative to other design and fabrication approaches and could lead to
integration of nanolasers on silicon substrates or with metallic cavity. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4982621]
Semiconductor nanolasers have attracted a great deal of
interest1–3 in the last decade or so. Tremendous progress has
been made in various innovative designs, physics understand-
ing, fabrication, and device demonstration, driven mostly by
promising application in small foot-print on-chip intercon-
nects in future large-scale nanophotonic integrated systems.
Early nanolasers were demonstrated in the form of semicon-
ductor nanowires1,3 or photonic crystal lasers.4–6 Both types
of lasers represent significant reduction of sizes compared to
more traditional semiconductor lasers but are still large in cer-
tain dimensions or overall sizes. To reduce the size of lasers
even further, it was obvious that pure semiconductor or dielec-
tric cavity structures are insufficient. Metal-coated semicon-
ductor nanowires were thus investigated as a mechanism for
further size reduction,7,8 where plasmonic effects7 allowed
much dramatic size reduction. Many different variations of
metallic cavity nanolaser designs have been proposed and
studied in the meantime.7–21 These activities have resulted in
unprecedented size reduction of semiconductor lasers and cul-
minated in the first demonstration of room temperature (RT),
continuous wave operation of metal-semiconductor nanolasers
under electrical injection with a size smaller than the wave-
length (in vacuum).21
Despite initial success in metal-semiconductor based
nanolasers over the last few decades, significant issues
remain.22 First, many characteristics of nanolasers need to be
improved such as lifetimes, threshold, and efficiency. Second,
reproducible and high-yield fabrication still poses significant
challenges. One of the critical issues that affect the fabrication
complexity and performance is the use of dielectric insulating
materials such as Si3N4 or SiO2 to separate the metal shell
from the semiconductor core. Such dielectric layers hinder
thermal dissipation and cause mechanical breakdown at high
pumping levels. Thus, search for alternative device designs
and fabrication routes remains necessary.
Another parallel development is silicon (Si) photonics,
where Si-based lasers are desired for compatibility with com-
plementary metal-oxide-semiconductors (CMOSs). Various
early attempts have been made to achieve heterogeneous
integration on a Si platform.23–31 The membrane transfer
approach is considered one of the promising techniques and
has attracted great deals of interest ever since the first dem-
onstration in 2006.32 Significant progress has been made
recently in the membrane transfer method33–38 for fabrication
of III-V devices on Si. Even though lasers have been reported
using such membrane transfer techniques,35–38 challenges
remain with the release of the membrane to different sub-
strates. The success of the transfer method depends on the
adhesion energy between the semiconductor membrane to be
transferred and the elastomeric stamp used and that between
the membrane and the receiving substrate. Often, the yield of
release depends on the peeling speed. High peeling speed is
employed for releasing the membrane from the donor sub-
strate to the stamp, while low peeling speed is employed for
releasing the membrane from the stamp onto the receiving
substrate. Thus, the successful release and transfer of the
membrane often depends on the surface properties of the
membrane and the receiving substrates and is sensitively depen-
dent on the peeling speed of the stamps, making it difficult to
release and transfer the membrane layer in a controllable manner,
to a variety of diverse substrates, with a high yield.
In addition to providing a means for fabricating III-V
devices on Si, the membrane transfer approach also offers
considerable benefits for nanolaser fabrication to remedy
some of the deficiencies mentioned above. The membrane
transfer approach allows much thinner layers to be used as a
device structure with a better index contrast to a carefully
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selected new receiving substrate than on the original growth
substrate. The removal of the original thick substrate repre-
sents a significant reduction of the overall device volume.
The fabricated devices without the original substrate can
have much better thermal dissipation if transferred to a
metal-film or other good thermal conductor. As described
earlier, heat dissipation is one of the serious issues for nano-
lasers with oxide or dielectric isolating layers. Finally, the
membrane transfer approach permits much more integration
flexibility such as on various substrates and potentially cou-
pling with Si-, plasmonic, or other dielectric waveguides.
In this paper, we demonstrate an alternative membrane
transfer approach using an intermediate layer between the
membrane and the polydimethylsiloxane (PDMS) stamps, as
demonstrated recently for the fabrication of Graphene based
devices.39 This method does not require the control of the
peeling speed and the associated calibration and greatly sim-
plifies the membrane transfer procedure. Using this approach,
we demonstrated the general applicability and control in
transferring a nano-membrane onto MgF2 substrates with a
high yield. The subsequent fabrication of laser devices based
on the transferred membranes demonstrates the overall suc-
cess of this approach. Arrays of nano-ring lasers of 1.5lm in
diameter with a radial width of only 500 nm and thickness of
260 nm are fabricated. The lasers can operate up to room tem-
perature under optical pumping. While the membrane transfer
technique has been used so far to make lasers of tens of
microns in lateral dimensions with large thickness, our nano-
membrane lasers are likely the smallest lasers fabricated using
the membrane technique.
The details of our wafer structure are shown in Table I.
The wafer was designed to have a membrane of 254.5 nm in
thickness to be transferred. The semiconductor membrane is
epitaxially grown on a GaAs substrate with a 100 nm AlAs
sacrificial layer for selective etching and has a p-i-n struc-
ture, consisting of 40 nm-thick doped InGaP layers on each
side and an intrinsic gain core region. The core region con-
tains five quantum wells of In0.145Ga0.885As (thickness
7.9 nm) with GaAs0.883P0.117 (thickness 14.3 nm) as barriers.
The carefully strain compensated design, through fine tuning
of thickness and composition between the quantum well and
barrier layers, and the overall structure symmetry with respect
to the middle quantum well (layer no. 8) are critical in pro-
ducing a flat membrane upon release from the original growth
substrate without bending or curling.
To prepare the wafer sample for cross-sectional scanning
electron microscopy (SEM), the wafer was first laterally
etched so that the AlAs sacrificial layer can be easily identi-
fied. A Au layer was deposited on top of the wafer vertical to
the cross-sectional plane to increase the conductivity of the
sample for better SEM image quality. Due to the composition
difference between different epitaxial layers and the resulting
image contrast, the multi-quantum-well- (MQW) structure of
the membrane was visually observable under the secondary
electron mode of the SEM, as shown in Fig. 1(a). The actual
thickness of the overall membrane structure was measured to
be 260 nm and the actual thickness of the AlAs sacrificial
layer was measured to be 120 nm. To measure the photolumi-
nescence (PL) spectrum, a passively mode-locked Ti:sapphire
laser (790 nm, 80 MHz, 150 fs) was used for excitation. As
shown in Fig. 1(b), the PL has a peak wavelength at 965 nm
with a full width at half maximum (FWHM) of 17 nm. Our
theoretical calculation of the confined states for electrons and
holes in the MQW structure (as specified in Table I) resulted
in a transition energy of 1.275 eV or wavelength of 972 nm,
which is in great agreement with the measured PL peak, well
within the experimental margin of errors. The design strate-
gies of the similar MQW structure can be found in Ref. 44.
The membrane release and transfer process including
device fabrication is schematically shown in Fig. 2. After
cleaning, the wafer was patterned into 250 lm 250 lm
squares by a AZ3312 photoresist (PR) (Fig. 2(b)). This is fol-
lowed by a 2-min inductively coupled plasma (ICP) etching
step with 2.5 sccm Cl2 and 35 sccm BCl3 at 4 mTorr in a etch
tool to create 40 lm-wide trenches on the wafer (Fig. 2(c)).
We intentionally left the photoresist in portions of the etched
trenches before immersing the sample into a 2% HF solution
for 20 min to selectively under-etch the AlAs layer. The
residual PR served to anchor the MQW membrane square
mesas to the GaAs substrate preventing them from free float-
ing (Fig. 2(d)). After the release of the membrane through
selective under-etching, the pickup-transfer is typically car-
ried out by using a PDMS layer.32–36 However, releasing the
TABLE I. Wafer design for the membrane structure.
Layer
No. Material
Thickness
(nm)
Refractive
index40
Bandgap41–43
(eV) Description
0 GaAs 8 3.52 1.423 Cap
1 Al0.95Ga0.05As 10 2.98 2.609 Cap
2 In0.49Ga0.51P (n) 40 3.23 1.758 n-contact
3 GaAs0.883P0.117 20.4 3.47 1.564 Barrier
4 In0.145Ga0.855As 7.9 3.56 1.217 QW
5 GaAs0.883P0.117 14.3 3.47 1.564 Barrier
6 In0.145Ga0.855As 7.9 3.56 1.217 QW
7 GaAs0.883P0.117 14.3 3.47 1.564 Barrier
8 In0.145Ga0.855As 7.9 3.56 1.217 QW
9 GaAs0.883P0.117 14.3 3.47 1.564 Barrier
10 In0.145Ga0.855As 7.9 3.56 1.217 QW
11 GaAs0.883P0.117 14.3 3.47 1.564 Barrier
12 In0.145Ga0.855As 7.9 3.56 1.217 QW
13 GaAs0.883P0.117 20.4 3.47 1.564 Barrier
14 In0.49Ga0.51P (p) 40 3.23 1.758 p-contact
15 Al0.95Ga0.05As 10 2.98 2.609 Cap
16 GaAs 8 3.52 1.423 Cap
17 AlAs 100 2.95 … Sacrificial
layer
18 GaAs … 3.52 … Substrate
FIG. 1. Characterization of the wafer structure. (a) Cross-sectional SEM image
of the wafer structure with composition and layer illustration. The total thick-
ness of the membrane to be transferred is indicated between the Au layer and
the sacrificial layer. Scale bar: 200 nm. (b) Photoluminescence spectrum of the
MQW structure with Lorentz fitting.
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membrane from PDMS stamps to the new receiving substrate
turns out to be often problematic because of strong adhesion
between PDMS and the semiconductor membranes. The
standard methods hitherto rely on the control of the peeling
speed at which the PDMS is peel-removed from the mem-
branes, leaving the membranes onto the receiving substrate.
Due to the different surface adhesion conditions between the
semiconductor membranes and the receiving substrates,
extensive calibration of peeling speed through numerous
experiments is required. This becomes prohibitively expen-
sive for III-V semiconductor heterostructure membranes. To
have a more generally applicable and systematic transfer
procedure that works for different types of semiconductor
membranes and receiving substrates, we adopted an approach
that has been demonstrated recently in graphene device fabri-
cation,37 in which a polypropylene carbonate (PPC) film is
used as an intermediate layer between PDMS and the semi-
conductor membrane. The PPC film was first spin coated on a
PDMS stamp. The semiconductor membrane was next picked
up by the PPC-PDMS bilayer from the original growth sub-
strate with the PPC layer facing down in direct contact with
the semiconductor membrane (Figs. 2(e) and 2(f)). After
releasing the membrane from the growth substrate, the PPC-
PDMS bilayer was heated up to 110 C together with the
membranes to further soften the PPC layer. The bilayer stamp
with the membrane stack was then attached onto a receiving
substrate. After cooling down to below the glass transition
temperature, the PPC layer became hardened and detached
from the soft PDMS layer. Therefore, the PDMS layer could
then be easily removed from the stack (Fig. 2(h)), leaving the
membrane and the PPC layer on top of the receiving sub-
strate. Thereafter, both PPC and PR residues were dissolved
by acetone and completely cleaned by an O2 plasma (Fig.
2(i)). Since the releasing step in the entire transfer process
only deals with the adhesion between PPC and PDMS, this
procedure is applicable in general for different types of sub-
strates and membrane combinations. We had tested the mem-
brane transfer on various receiving substrates, including Si
substrates, Au-deposited substrates, SiO2 substrates, and
MgF2 substrates with transfer yield >80%. In this work,
MgF2 substrates were used as the receiving substrate for the
fabrication of nanolasers due to their low refractive index,
which gives better optical modal confinement for the semi-
conductor membrane and better thermal conductivity than
SiO2. Ring shaped arrays were then patterned onto the trans-
ferred membranes (Fig. 2(j)) via photolithography and an
identical dry etching step was applied to finalize the laser pat-
terns (Fig. 2(k)), followed by a final PR clean step (Fig. 2(l)).
Fig. 3(a) shows an SEM image of a transferred 250lm
 250lm nano-membrane square. Due to the strain compensa-
tion of our quantum-well membrane design, no curving or
bending was observed after the sacrificial under etching, lead-
ing to the successful transfer of entire membrane squares. This
transfer approach has been applied to fabricate various mem-
brane lasers of ring and disk shapes, with outer diameters of
rings in the range of 1.5–1.7lm and disk diameters in the range
of 2–5lm. Nano-ring laser devices of 1.5lm in outer diameter
are shown in Fig. 3(b). The inner diameters of the 1.5lm
nano-ring lasers are 500 nm on average and the radius thick-
nesses are around 500 nm. For the membrane of 260 nm in
thickness, the cavity volumes of the 1.5lm nano-ring lasers
are 0.43k0
3 (k0: wavelength in vacuum) or 16.9k
3 with k being
the wavelength in the material.
The nano-ring lasers were characterized at room tempera-
ture under optical pumping of a 349 nm pulsed laser (Spectra
Physics, 1 kHz, 5 ns) at an angle of 45 from the sample nor-
mal with the beam size around 20lm. PL spectra evolution
under increased pumping strengths is presented in Fig. 4(a),
showing a clear single mode operation due to the compact cav-
ity volume of the nano-ring lasers. At lowest pumping, very
weak broadband spontaneous emission was observed, slightly
above the noise background. With the increase in the pumping
levels from 25.3 to 36.6 nJ, a sharp peak at 980 nm appeared
and the intensity of the peak increased super-linearly. At high
pumping levels above 45 nJ, the intensity of the sharp peak
was at least 20 times stronger than the broadband emission
background and the linewidth of the peak decreased down to
1.2 nm, as measured by a spectrometer with a 600 g/mm grat-
ing. The linewidth was limited by the large slit size at the spec-
trometer entrance due to the collection at the normal direction
(see more discussions about Fig. 5). The lasing behavior was
further confirmed by the light-in-light-out (LILO) curve in Fig.
4(b). Clear threshold behavior and typical S-shaped curve cov-
ering the three regimes of operation can be easily observed in
the linear-scale plot and double-log-scale plot, respectively.
FIG. 3. SEM image of a released membrane and the final nano-ring laser
arrays: (a) SEM image of a released membrane of a square shape with a side
length of 250lm before nano-ring patterning; scale bar: 100lm; (b) SEM
image of the fabricated nano-ring laser array; scale bar: 5lm. Inset: zoomed-
in image of a nano-ring laser with an outer diameter of 1.5lm, an inner diam-
eter of 500 nm, and a radial thickness of500 nm; scale bar: 1lm.
FIG. 2. Membrane release-transfer and nano-ring laser fabrication process:
(a) Starting wafer as shown in Table I; (b) patterning with photoresist
AZ3312 to define 250 lm 250 lm squares over the entire wafer; (c) ICP
etching down through the AlAs sacrificial layer to produce trenches for
under-etching; (d) 2% HF wet under-etching of the AlAs sacrificial layer;
(e) and (f) membrane pick-up by a PDMS-PPC bilayer structure; (g) mem-
brane transfer onto a new receiving substrate (MgF2 in this work); (h)
PDMS removal; (i) PPC and PR dissolution by acetone; (j) laser structure
patterning; (k) ICP etching; and (l) PR cleaning to finalize the laser
devices.
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The experimental data agree well with a theoretical fitting
(solid line in Fig. 4(b)) to the solution of the single mode rate
equations. The slopes in double-log scale plot (right bottom
inset of Fig. 4(b)) identifies the threshold of the laser at the
maximum slope of 29 nJ, equivalent to an average power den-
sity of 9 W/cm2, corresponding to an estimated absorbed
power density of 4 W/cm2.
To further corroborate the experimental results and to
gain more understanding, we performed numerical simula-
tion of the nanoring laser using the finite-difference time-
domain (FDTD) method with the device parameters as
presented above. The results are presented in Fig. 5. A mode
with a resonance wavelength of 979.6 nm was found in our
simulation, in close agreement with the measured result. The
mode has a predominant polarization of the z-component,
vertical to the plane of the membrane, and much weaker
components in the other directions. The polarization and the
mode patterns determine the far-field pattern, which is pre-
dominantly in the direction of the membrane plane (see Fig.
5(f)). Such a pattern is ideal for coupling of the ring laser
into an in-plane tangential waveguide, typical for such cou-
pling. But the far-field pattern is poorly suited for detection
in the normal direction. Due to such poor collection geome-
try, only a small portion of the emission signal was detected
from the lasing mode and mostly was the scattered light.
This is why we had to use a large entrance slit to the spec-
trometer, leading to a system-limited linewidth of 1.2 nm
in Fig. 4(a). The simulated quality factor (Q) of the lasing
mode is as large as 7.1 105, indicating potentially a very
high Q laser using such a small membrane cavity. However,
the fabrication imperfection (such as non-uniform thickness
of the ring and the non-ideal circular shape seen in the SEM
in Fig. 3(b)) has significantly degraded the cavity Q. A more
refined and optimized fabrication could improve the device
performance, in light of the high theoretical Q value.
In conclusion, we have demonstrated a generally applica-
ble and more systematic approach for semiconductor nano-
membrane transfer from the original growth substrates to
various receiving substrates. The procedure is a robust one
with an overall yield higher than 80%. The method has pro-
duced a transfer of the nano-membrane with the thickness as
thin as 260 nm. As an initial device demonstration, we have
fabricated semiconductor membrane lasers of nano-ring shape
with the outer diameter of 1.5lm and the radial thickness of
500 nm, capable of operating at room temperature. The total
volume of the nano-ring lasers is only 0.43k0
3 (k0 in vacuum)
on average. The method can be applicable to a wide range of
substrates, especially including metallic substrates and Si.
Such an approach will allow a wide range of device fabrica-
tion and integration, providing a general avenue towards
metallic-cavity nanolasers using membrane transfer and Si-
based nanolaser. As we mentioned, one of the problems with
our current use of dielectric insulating layers in the metallic
nanolaser fabrication21 is the thermal mismatch and associ-
ated mechanical stability. Our thin-membrane laser has
already built-in wide gap layers to serve as electronic insulat-
ing layers. The thickness of such layers could be further opti-
mized for good electronic insulation and for minimizing
metal loss. We believe that the removal of dielectric layers
such as SiO2 or SiN from nanolaser design and the use of
such single-step epitaxial membrane will lead to better device
stability, performance, and lifetime. All of these potential
advantages remain to be demonstrated in the future.
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